Neuron 530 from studies on vertebrate systems, appears to be converely reduced evoked junctional potentials and display served in invertebrates. A recent scan of the completed a high rate of failures at low extracellular [Ca 2ϩ ]. The Drosophila genome reveals the presence of seven TGF-␤ frequency of spontaneous vesicle release is significantly type ligands, three type I and two type II receptors, two reduced as are synapse size and bouton number. In R-Smads, one common Smad, and one inhibitory Smad contrast, quantal size appears relatively normal. Ultra-(Newfeld et al., 1999). Many of these components have structural analysis of mutant boutons reveals alterations been genetically characterized by loss-of-function studin the morphology of the active zones, suggesting that ies, and they can be assigned to one of two primary reduced quantal transmission results from a presynaptic signaling pathways. In the embryo, studies of mutations active zone defect. These results highlight a role for in the BMP ligands Decapentaplegic (Dpp), a functional BMP signaling in regulating Drosophila synapse assemortholog of vertebrate BMP2/4, and the BMP-5/6/7 relably and/or maintenance. Furthermore, they raise the tives Screw and Gbb, reveal that this pathway primarily possibility that, like TGF-␤ (Zhang et al., 1997), BMP regulates patterning via effects on cellular differentiation signaling may regulate additional aspects of synaptic (reviewed in Raftery and Sutherland, 1999 Raftery and Sutherland, 1999) . Activation of We identified the wishful thinking gene by screening a these receptors leads to phosphorylation and nuclear Drosophila genomic library under low stringency conditranslocation of Mad, the Drosophila homolog of Smad1, tions with a labeled degenerate oliogonucleotide probe in a complex with Medea, the Drosophila Smad4 homospecific for TGF-␤-like receptors of the type II class. log. In contrast, the activin type I receptor Baboon sigThis gene has also been predicted by the Drosophila nals in conjunction with Punt through dSmad2 in regenome project and is listed as CG10776 (see GadFly, sponse to an as yet uncharacterized ligand.
http://www.fruitfly.org/annot/index.html). Using a DNA Based on sequence information, the only principal fragment of phage SE20 ( Figure 1A ) as probe, we TGF-␤ type signal transduction component remaining screened a 12-24 hr embryonic cDNA library and obto be described in Drosophila is predicted to code for tained a single positive clone. This cDNA, pMBO1869, a type II receptor. In this report, we describe the cloning, was sequenced and found to be 4218 bp in length (acexpression, and phenotypic characterization of mutacession number AF237561), and to code for an ORF of tions in this receptor that we have named wishful think-2712 bp. , we examined whether the carboxy-terminal exbehavior, but did not rupture nor escape from the pupal tension of Wit is also required for viability. To address case. Removing the operculum and underlying pupal this issue, we generated a genomic rescue construct in cuticle was not sufficient to allow the animals to eclose.
which the tail was truncated from 351 to 88 aa. This If the animals are dissected free of the pupal case and construct was able to rescue wit mutant animals to full cuticle, they remain alive for several days but, for the viability. Using the Gal4-UAS system, we also expressed most part, exhibit only sporadic leg movements. None in the nervous system a truncated form of Wit that had of these animals inflate their wings. However, when the only 24 aa of the carboxy-terminal tail and observed wings were artificially inflated by immersion in water, similar results. We conclude that the carboxy-terminal they showed no patterning defects. Many of the disextension is not required for viability, possibly accountsected animals showed a bend in the femur or tibia, the ing for the absence of lethal mutations mapping to this phenotype being more pronounced and frequent in the part of the protein. metathoracic leg. A small fraction of the animals also Since in many tissues Punt appears to be the primary exhibited truncations of the tarsal segments (data not type II receptor for mediating BMP signals, we examined shown). These defects are unlikely to be the cause of whether overexpression of Punt in neurons would resthe inability to eclose since the penetrance of such decue wit mutants. We found that expression of UAS-punt fects is incomplete, and animals rescued to viability by using elav-Gal4 did not rescue wit mutant animals nor expression of Wit in the nervous system (below) still did ubiquitous expression of wit rescue punt mutations, showed leg defects yet were able to escape the pupal suggesting that these two receptors are not functionally case.
interchangeable for mediating TGF-␤ type signals during The general morphology of the wit pharates was anadevelopment. lyzed by silver staining of 10 m paraffin sections. General organization of neural centers and muscle groups Wit Propagates a BMP Type Signal is essentially normal, and neither misrouted axonal Although Wit shows a strong overall similarity to the tracts nor fasciculation defects were found (not shown).
vertebrate BMP type II receptor, its signaling mechaWe generated germline clones in an attempt to unnism remains untested. To examine whether Wit actually cover earlier phenotypes. Maternally depleted animals mediates a BMP type signal, we made use of an antibody derived from null alleles showed the same lethal phase that specifically recognizes the phosphorylated form of and range of defects as those found in the zygotic muMad (P-Mad) (Tanimoto et al., 2000), the major transtants, indicating that wit is not required in the germline ducer of BMP signals in Drosophila. This antibody or in the early embryo.
shows no crossreactivity to the activin-specific dSmad2 protein in tissue culture signaling assays (data not Wit Is Required for Neuronal Function shown) and therefore is indicative only of BMP signaling. The inability of wit mutants to eclose, together with the In late embryos, this antibody reveals an intricate devellocomotion defects exhibited by dissected animals and opmental pattern of BMP signaling (Figure 3) , including the strong neural expression of wit, indicates that Wit's P-Mad accumulation in the developing midgut and gasfunction is likely to be required in neurons. To determine tric cecae that closely parallels dpp expression and is if the nervous system is the primary tissue requiring thought to be indicative of cells receiving a Dpp signal. wit activity, we expressed wit cDNA using a number of In addition to these sites of accumulation, we also note different promoters as well as with the conditional Gal4-a novel pattern of P-Mad accumulation in a subset of UAS expression system (Brand and Perrimon, 1993). in late embryogenesis are absent in zygotic punt null Since wit mutants exhibit defects in locomotion, we mutants ( Figure 3E ). Maternal null embryos cannot be also examined whether more limited expression of wit examined since they do not develop an organized CNS. in motor neurons could rescue wit lethality. We found These observations are consistent with Wit function bethat viability is restored to wit mutants when two differing required specifically in the CNS to transduce BMP ent The lack of any evidence for cell fate or axon guidance problems within the nervous system of wit mutants prompted us to examine these mutants for alterations in their electrophysiological properties. Since specific expression of wit in motoneurons was able to rescue wit mutant animals and lack of wit function resulted in specific loss of P-Mad accumulation in embryonic motoneurons, we focused our attention on analysis of glutamatergic motoneuron synapses in third instar larva NMJs. As illustrated in Figure 5 , wit mutants show a dramatic decrease in transmitter release without any change in the average quantal size. The reduction in evoked junctional synaptic currents (EJCs) in wit mutants was significantly rescued by expression of Wit in neurons using elav-Gal4 (Figures 5A and 5B ) . This observation is consistent with our earlier finding that Wit is required in nerve cells and not in muscle. A proportional decrease in quantal content was observed at multiple calcium concentrations, indicating that there is not 1.64%, n ϭ 9) and rescued wit larvae (6.21% Ϯ 2.6%, n ϭ 11) ( Figure 5D ). Consistent with a high rate of failures, the average frequency of spontaneous vesicle release per hemisegment at stage 17 correlates well with the estimated number and positions of motoneurons at this was dramatically reduced in mutants by nearly 4-fold compared to control animals ( Figures 5E and 5F ). The stage (Landgraf et al., 1997; Sink and Whitington, 1991). To better characterize the cells that accumulate P-Mad amplitude of spontaneous miniature excitatory junction potentials (mEJPs), however, was not significantly alin the nervous system, we double stained wild-type em- tered in wit mutants (Figures 5G and 5H) . Taken together, synapse size, bouton number, and active zone morphology at several different muscles of segment A3 in third these results indicate that wit mutants are defective for vesicle release from the presynaptic terminal. instar larvae. The number of synaptic boutons in ventral longitudinal muscles 6 and 7 was 57 Ϯ 18 for wild-type and 31 Ϯ 9 for wit mutants (p Ͻ 0.0001) ( Figure 6A ).
Synapse Morphology and Ultrastructure Are Altered in wit Mutants
Since we noticed that wit mutant larvae are slightly smaller than wild-type animals, the decrease in synapse To determine if the reduced transmitter release observed in wit mutants is caused by changes in synapse size must be corrected to account for a 25% decrease in ventral muscle volume. After correcting for decreased morphology and/or ultrastructure, we examined overall /Df C175 (73.5% Ϯ 3.68%, n ϭ 6) compared to CS (2.64% Ϯ 1.45%, n ϭ 9), and rescued wit (6.21% Ϯ 2.6%, n ϭ 11). At least four different larvae from each genotype were used for data collection in these voltageclamp experiments. muscle size, the number of synaptic boutons in wit muarate from postsynaptic membranes ( Figures 7C and  7E ). This ultrastructural defect in the active zone mortant animals is about 70% of wild-type ( Figures 6A and  6B) . The synapse length in dorsal longitudinal muscle 9 phology has not been previously described and is consistent with the altered transmitter release properties was 88 Ϯ 28 m (all data expressed as mean Ϯ standard deviation) for wild-type and 44 Ϯ 23 m for wit mutants exhibited by wit mutants, and suggests that BMP signaling plays an important role in synapse maturation or (p Ͻ 0.0001) (Figures 6C and 6D) .
Although synapse size and bouton number are remaintenance during development. duced in wit mutants, the overall percentage reduction was not proportionately as severe as the reduction in Discussion EJC magnitude. Therefore, we examined the ultrastructure of the synapses by serial section electron microsHigh-fidelity neurotransmission requires precise synaptic contact between the neuron and its target. Synapses copy (EM). In wild-type animals, sites of presumptive transmitter release (active zones, Figure 7A) signaling to synaptogenesis has been described preWe have shown that wit mutants exhibit a specific viously, it is interesting to note that TGF-␤2 has been loss of P-Mad accumulation in a subset of embryonic found to be associated with the subsynaptic muscle neurons, including most motoneurons, implying that ity and produces changes in both bouton number and One other key issue that remains to be resolved is morphology (reviewed in Gramates and Budnik, 1999; the identity and source of the ligand or ligands that bind Hannan and Zhong, 1999) . It is interesting to note in this to Wit. Potential ligands could be synthesized in the regard that target-derived TGF-␤1 has been observed neurons themselves and provide an autocrine or parato stimulate the functional expression of Ca ϩ2 -activated crine type signal for presynaptic differentiation, or they K ϩ channels in developing chick ciliary ganglion. In this could be secreted from the muscles and provide a retrocase, however, the effect appears to be mediated postgrade signal. In Drosophila, motoneurons can differentitranslationally and therefore does not involve transcripate and form active synapses in the complete absence tional responses by Mad type factors (Cameron et al., of target muscles (Prokop et al., 1996) . This suggests 1998, 1999 
